In models where the Standard Model spectrum is localized on a brane embedded in a higher dimensional spacetime, we discuss the lepton number violation induced by the emission of right-handed neutrinos from the brane. We show that quite generically the presence of the right-handed neutrinos in the bulk leads to rapid lepton number violating processes which above the electroweak scale would wash away any prior lepton or baryon asymmetry. In order to preserve the lepton asymmetry, the brane-bulk couplings for at least one lepton flavor must be extremely suppressed. We show that this has a natural interpretation in the brane world.
Introduction
The generation and survival of a baryon asymmetry is a requirement of any realistic cosmology and hence enables one to put strong constraints on phenomenological models beyond the standard model. While all three ingredients [1] necessary for the generation of a baryon asymmetry are contained within the standard model, it is well established that electroweak baryogenesis can not provide an asymmetry of sufficient magnitude [2] . Even in the context of the supersymmetric standard model, baryon number generation is difficult [3] and requires a particular supersymmetric mass spectrum. Therefore, the observed baryon asymmetry of the Universe (BAU) is likely to arise from short-distance physics above the TeV scale. While sphaleron effects [4] may not be primarily responsible for the generation of the BAU, they certainly do modify any pre-existing asymmetry. For example, a baryon asymmetry with B − L = 0, will be washed away by sphaleron interactions [5] . On the other hand, any primordial B − L asymmetry will be reshuffled by the rapid anomalous (B + L)-violating sphaleron transitions above the electroweak phase transition temperature, T c . Thus a pure lepton asymmetry can be converted into a baryon asymmetry [6] . However, any baryon/lepton number violating interaction (other than purely B + L violating interactions) in equilibrium above T c , will once again lead to the total erasure of both B and L. Thus, in order for successful leptogenesis to occur [6] , the right-handed Majorana neutrino, whose out-of-equilibrium decays generate the requisite B −L excess, must be massive enough to suppress lepton number violating interactions above the weak scale in order to preserve the asymmetry against erasure [7] .
Going beyond the standard model, however, introduces the possibility of a hierarchy of mass scales rendering the weak scale unstable to radiative corrections [8] . In addition to attempts at solving the hierarchy problem [9, 10, 11] , extended objects arising in certain string vacua suggest that our universe is a (3+1)-dimensional brane embedded in a higher dimensional spacetime. While all fields charged under the gauge group are generally supposed to be confined to a brane due to the conservation of gauge flux, gauge singlets can in principle propagate freely in the bulk with far-reaching consequences [12, 13] . In the case of the graviton, one can lower the fundamental scale of gravity down to the TeV scale thereby providing a solution to the hierarchy problem [9] . In the case of right-handed neutrinos, one can naturally derive small Dirac masses for neutrinos [12, 14, 15, 16] .
Gauge singlets can be produced through the scatterings of brane-localized particles. Once they are produced, they propagate into the bulk with almost no probability of further interacting with brane fields since the brane occupies only a tiny volume of the total space. These singlet-emission processes, therefore, show up as missing energy signals in colliders. There is, however, an important difference between the emission of gravitons and right-handed neutrinos in that the latter appears not only as missing energy but also as a source of lepton number violation on the brane. Given our discussion above, it is clear that right-handed neutrino emission into the bulk can have important consequences regarding the BAU.
In this letter, we will show that quite generally, brane-world models with bulk right handed neutrinos lead to a devastatingly small BAU. We apply these results to a number of specific brane-world scenarios. We further derive conditions on the neutrino sector in order to protect the lepton and baryon asymmetries. We show that these conditions are a natural consequence of the brane world.
Lepton Number Violation in the Brane World
We begin by discussing the phenomenon of L violation and its implications for the BAU for a generic configuration where a three brane with coordinates x µ (µ = 0, · · · , 3) is embedded in a higher dimensional space with extra dimensions y a (a = 1, · · · , δ). We introduce bulk fermions Ψ ℓ (x, y) (ℓ = 1, 2, · · · , n s ) which possess lepton number with the decomposition
where n s is the number of fermion species. The component fields Ψ ℓ L,R can be expanded in a complete set of functions f ℓ n L,R ( y) with respective coefficients ψ ℓ n L,R (x), where n is a set of integers; one for each extra dimension. Dirac neutrino masses arise from the coupling of ψ
where L α = L e,µ,τ are the lepton doublets, H is the Higgs field, and
where y 0 is the position of the brane, and λ is a 3×n s Yukawa matrix. From the experimental perspective, the solar and atmospheric neutrino anomalies can, respectively, be explained by ν e ↔ ν µ [17] and ν µ ↔ ν τ [18] oscillations with small contributions from the sterile states ψ ℓ n L (x). It is thus reasonable to assume that the couplings to the zero modes alone already provide a good fit to experiment with appropriate textures [15] . That is, the unitary matrix U which performs the diagonalization U h 0 h † 0 
where m ℓ n is the KK mass of ψ ℓ n L,R (x). This angle must be small, tan θ α < ∼ 0.1, according to the experimental constraints from reactor, accelerator, solar and atmospheric neutrino data [15] . The solar and atmospheric anomalies, respectively, imply δm 2 assuming large mixings in both cases. We note that although we have generated Dirac masses in this model, the cosmological constraint on additional neutrino states [19] is not violated since the right-handed states are necessarily much more weakly coupled than their left-handed counterparts. In what follows, all discussions will be based on the effective action (2) .
For now, we assume that a primordial B − L asymmetry has been generated at some high temperature T B−L ≫ T c . Below T B−L , brane matter and sphalerons are in thermal and chemical equilibrium. By assigning each particle species a chemical potential, and using gauge and Higgs interactions as conditions on these potentials (with generation indices suppressed), one obtains
where the constraint on the weak isospin charge, Q 3 ∝ µ W = 0 has been employed. From (5), one can write down a simple set of equations for the baryon and lepton numbers and electric charge which reduce to:
where µ = µ να and N is the number of generations. Equilibrium sphaleron transitions further restrict 3Nµ
In the absence of any other B − L violating interactions (in equilibrium), these conditions ultimately give
for N = 3 generations. Thus, in the absence of a primordial B − L asymmetry, the baryon number is erased by equilibrium processes [20] . Note that barring new interactions (in an extended model) the quantities
B − L µ , and It is straightforward to see that the emission of right-handed neutrinos from the brane into the bulk is a source of lepton number violation which leads to the erasure of any B − L asymmetry. At temperatures above T c , the dominant lepton number violating interactions are the scattering of top quarks into right-handed neutrinos and a lepton doublet,
, and t R L → Qψ n R , as depicted in Fig. 1 . At high temperatures, the production rates for a given neutrino flavor and its SU(2) charged lepton partner are identical as the mixing angle (4) vanishes. Therefore, the thermal and chemical balance imposed by fast electroweak interactions between neutrinos and their SU(2) partners still holds. If the rates of these processes are faster than the expansion rate of the Universe, they lead to an additional condition on the chemical potentials, namely µ = 0. In this case, one can easily see that all of the chemical potentials are forced to zero as is the BAU.
We next consider this process in more detail. Given the collision processes in Fig. 1 then the difference between the number densities of ν L and ν c L of a given generation evolves as
where the last term comes from the sphaleron contribution. Here, we follow the procedure and notation described in [21] . In (9) H is the Hubble expansion parameter and f −1 = e (E−µ)/T +1 is the phase space distribution for fermions. For the latter, f ≈ (1+µ/T )/(e E/T + 1) is an excellent approximation since the chemical potential consistent with the BAU is small, |µ| ∼ 10 −10 T . Since the right-handed neutrino states are not confined to the brane, we have set f ν R = 0 which is also equivalent to the statement that the reverse process does not occur and is therefore omitted from Eq. (9) . In evaluating (9), we approximate f by the Maxwell-Boltzmann form, and take 1 − f ≈ 1. The lepton asymmetry in ν L is defined by
where s is the entropy density which obeys ds/dt = −3sH in an adiabatically expanding universe and g * is the number of relativistic degrees of freedom; equal to about 10 2 for the standard model spectrum. Then direct evaluation of (9) gives
where the sum over n extends up to the heaviest kinematically accessible KK mode; m max n ∼ 2πT . Here the function F (x) varies slowly with x; it is ≈ 2 for x ≪ 1 and ≈ 1 for x ≈ 1.
We next discuss the implications of (11) which depend on the scheme used to generate neutrino masses and oscillations. We distinguish two broad classes: (i) a hierarchy in the overlap of the wavefunctions, f ℓ 0 R ( y 0 ), or (ii) a hierarchy in the 5d Yukawa couplings, λ αℓ .
Hierarchy from wavefunction overlap
Here, we assume that the hierarchy among the neutrino masses as well as the requisite textures for neutrino oscillations are both generated by the zero mode wave functions f ℓ 0 R ( y 0 ). Namely, we take the entries of the 5d Yukawa coupling matrix λ αℓ to be of order one. This
with
where F as noted above is O(1), and we have expressed Nµ H + µ in terms of B − L using Eqs. (6) and (7). This equation implies that the emission of right-handed neutrinos from the brane drives the system towards µ = −Nµ H . Thus if the rate of L violation is also fast compared to the expansion rate of the Universe (at the same time sphaleron processes are in equilibrium), this constraint, when combined with other equilibrium conditions, drives all asymmetries in the system to zero. Indeed, the equilibrium relation µ = −Nµ H is the same condition which arises in the presence of heavy right-handed neutrinos in four dimensions, and avoiding it places a bound on the combination h 2 /M [7, 20, 22] , where h is the righthanded Yukawa coupling and M is the Majorana mass of the right-handed neutrino.
A more quantitative determination of the damping of B − L via (12) as the temperature falls to T ∼ T c requires some knowledge of the cosmological evolution at higher temperatures. We assume that there is a critical temperature T brane ≥ T B−L , below which the standard FRW evolution holds. T B−L is the temperature at which a B − L asymmetry is produced and must be greater than T c (unless a mechanism for producing a net baryon asymmetry below T c is provided). Thus our initial conditions are such that at T = T brane , the bulk is empty, and the brane contains hot SM matter with an energy density
where the expansion rate of the Universe is simply H 2 = ρ/3M 2 P l . The emptiness of the bulk is a reasonable assumption if T brane is the reheat temperature, and the inflaton is a branelocalized field (See e.g. [23] ). The emission of gravitons and right-handed neutrinos depletes the energy density on the brane beyond the dilution due to expansion. However, this energy exchange between the brane and the bulk does not affect H which depends only on the sum of the brane and bulk energy densities (See, e.g. [24] ). Using H = 1/2t, appropriate for radiation domination, one can relate the temperature of the brane matter to time as
Using this expression and assuming entropy conservation, s ≈ 2π 2 45
which gives us B − L at T = T c relative to the primordial value of B − L at T = T B−L . The constant γ 0 in the exponent (16) is given by
where each emitted KK mode contributes an amount ∼ 10 −4 h 2 n to the sum, so that the exponent has the numerical value ∼ n h 2 n 10 12 (1 − T brane /T c ) for T c ∼ 100 GeV. This analysis explicitly demonstrates how a primordial B − L is damped as the temperature falls from T B−L to T c . In conclusion, the underlying brane model must accommodate small Yukawa couplings, i.e. n h 2 n < ∼ 10 −12 in order to prevent the primordial B − L from being washed out. This conclusion is relevant only when the hierarchy among the neutrino masses is generated by the zero modes f ℓ 0 R ( y 0 ).
Hierarchy from the 5D Yukawa couplings
A second possibility for having realistic masses and mixings for neutrinos comes via the flavor structure of the 5D Yukawa matrix λ αℓ . Namely, while the zero mode wave functions f ℓ 0 R ( y 0 ) are of similar size, the entries of λ αℓ may possess the requisite hierarchy to explain the data.
When the neutrino masses obey a hierarchical splitting, 11 . Therefore, the asymmetry in the lightest neutrino is not necessarily washed out unless the sum over the KK modes in (11) induces a large cumulative contribution. Consequently, even if the heavier neutrinos can equilibrate with the Higgs boson, µ νµ = µ ντ = −µ H , the primordial asymmetry accumulated in ν e survives the sphaleron reprocessing. Indeed, at temperatures T ∼ T c , there remains a nonvanishing B − L ∝ µ νe + µ H which sources the observed BAU. This is precisely the scenario developed in [25] in which an individual lepton flavor asymmetry can be responsible for the BAU so long as one or two families are in (out) of equilibrium even if the total B − L = 0.
Specific Brane Models
Independent of the mechanism for generating the hierarchy of the neutrino masses, the survival of the primordial B − L from erasure by right-handed neutrino emission can only be determined only after the KK mass spectrum m n and Yukawa spectrum h n for the bulk leptons are specified. Thus in a given model in which the evolution of the universe can be tracked up to temperatures above T c , the fate of the B − L asymmetry can be determined from equation (11) . The discussion in the last section is valid for any brane construction in which the SM spectrum is localized. It is therefore convenient to discuss the phenomenon of B − L-violation in specific brane models and show how B − L evolves in the presence of right-handed neutrino emission from the brane.
Large Extra Dimensions
In higher dimensional theories with flat and compact extra dimensions, a solution to the hierarchy problem requires the extra dimensions to be large [9] , and therefore they drastically change the early history of the Universe. In the absence of a mechanism which stabilizes the large extra dimensions, the evolution of the universe may not be standard much above the nucleosynthesis era [26] . Therefore, temperatures above the MeV scale may not be accessible, and the generation or erasure of the BAU cannot be discussed in the context of these models. This is because unless the temperature of the Universe rises to some T brane above T c , the processes we are describing do not occur. We note that the mechanism described in [27] , in which leptogenesis occurs at temperatures much below T c overestimates the final baryon asymmetry by a very large factor. There the asymmetry was estimated as being proportional to e −Tc/T brane , and has neglected the factor of ∼ 8π/g W in the exponent [5] . Alternatively, low scale leptogenesis is possible in orbifold GUT models [28] .
Warped Extra Dimensions
Another higher dimensional scenario which can solve the hierarchy problem is due to [10] where two branes, the Planck and visible (TeV) branes, are immersed in the AdS 5 bulk at respective positions y = 0 and y = πr c . The extra dimension y is parametrized as y = πφ with −π ≤ φ ≤ π, and the points (x, φ) and (x, −φ) are identified. Here r c is the radius of the S 1 /Z 2 orbifold, and it determines the size of the extra dimension. For generating the hierarchy, M P l e −πkrc ≡ TeV, one needs r c k ∼ 10 where k is the AdS curvature. Suppression of the higher order curvature effects in the gravity sector requires k to be smaller than the fundamental scale of gravity, M 5 ≈ (M 2 P l k) 1/3 . Typically k < ∼ 0.1 M 5 which we adopt here. Unlike large extra dimensions, the warped geometries allow for reheat temperatures ∼ O(TeV) which is the characteristic energy scale of the visible brane. At very high temperatures, T ≫ O(TeV), the visible brane simply does not exist as it is either shielded by the AdS horizon or pushed away from its true configuration. As the temperature drops the visible brane with a hot SM spectrum emerges at T brane ∼ O(TeV) [29] . In particular, for the RS1 set-up, standard evolution remains valid up to corrections of O(ρ 2 ) ( see e.g. [30] ). More generally for warped extra dimensions we will distinguish two possibilities for the localization of SM fields.
Matter on the TeV-brane
Here, we place all SM fields on the TeV-brane, as was the case in the original RS1 model, and introduce right-handed neutrinos in the bulk [14] . A bulk fermion Ψ ℓ (x, y), with Dirac mass term ζ ℓ k sgn(φ) Ψ ℓ Ψ ℓ , is a Dirac spinor obeying the chiral decomposition in (1). The orbifold symmetry requires f ℓ n L (φ) to be odd (even) and f ℓ n R (φ) even (odd) under the Z 2 symmetry. Therefore, to generate neutrino masses on the TeV brane, the appropriate boundary conditions are
such that f ℓ 0 R (φ) is localized on the Planck brane with a tiny tail on the visible brane [14] . The Yukawa couplings are given by
which indicates that the couplings of the zero modes are at least fifteen orders of magnitude smaller than those of the KK levels provided that ζ ℓ > 1/2. Namely, the bulk fermions Ψ ℓ (x, y) must have a mass parameter larger than half the AdS curvature scale in order to obtain small numbers to generate neutrino masses. On the other hand, the masses of the KK levels obey
where [14] . Introducing the parametrization, k = ηM 5 with 0 ≪ η < 1, one finds that m ℓ n ≈ x ℓ n η 3/2 TeV which gives m 1 ∼ M Z when η ≈ 0.1. In general, the smaller the value of k, the smaller m ℓ n becomes; however, it is convenient to choose η ∼ 0.1 as a moderate value in order to suppress the AdS curvature with respect to M 5 . Then, as a worst case scenario, it suffices to consider a single mode, ψ ℓ,1 R with mass m 1 in discussing the B − L damping. In order for the coupling of the zero modes (3) to approximate the existing oscillation data, the mixing with the higher modes (4) must be small, and this can be satisfied if the entries of λ α ℓ ∼ 10 −2 , or in other words, h n h † n αα < ∼ 10 −4 . Returning to the analysis of generic brane models in Sec. 2, we can now discuss B − L erasure in the RS1 model. When the neutrino textures are generated by f ℓ 0 R in (19), we see from Eq. (16) that the entire B − L asymmetry is washed out, rendering the universe baryon-symmetric. This is because the experimental bound [15] for suppressing tan θ α in (4), h n h † n αα ∼ 10 −4 , is roughly eight orders of magnitude higher than the bound found in
On the other hand, as mentioned in Sec. 2.2, when all f ℓ n R are similar in size but the entries of λ αℓ possess a hierarchy to generate neutrino masses, it is possible to suppress h n h † n αα for the lightest flavor for all n. Then not only is B − L preserved, even if (B − L) total = 0, a baryon asymmetry will be generated if the flavor asymmetries do not all vanish [25] . For example, one can consider only two bulk leptons n s = 2 [14] so that one neutrino is always massless, and any primordial B − L is not erased and can generate the observed BAU.
In discussing the erasure of B − L we have left unspecified the origin of the primordial asymmetry. The visible brane has the natural scale O(TeV) so that it becomes more difficult to induce leptogenesis with genuinely four-dimensional mechanisms with heavy Majorana neutrino masses. However, since the sphaleron constraint only imposes a bound on h 2 /M, it is possible by tuning the Yukawa textures to achieve leptogenesis with lighter, O(TeV), neutrino masses [31] .
Matter on the Planck-brane
An alternative possibility is to assume that matter is localized on the Planck-brane. In this scenario supersymmetry is now required to protect the Higgs mass, and supersymmetry is broken on the TeV-brane. The warp factor is responsible for naturally explaining the TeV supersymmetry breaking scale [32] . In this set-up the appropriate boundary conditions are
where f 
for both the zero modes and higher KK states. Suppose that at least the first KK level is sufficiently light: m 1 ∼ M Z as was computed in the RS1 case. The smallness of the zero modes couplings in (22) can be used to obtain a good fit to the neutrino oscillation data [15] with small mixing with the higher KK levels. Then, assuming that the standard FRW evolution holds up to temperatures T B−L ∼ TeV, one observes that the primordial B − L asymmetry is not washed out. This is clear from (11) where
is much smaller than 10 −12 . Therefore, by localizing matter on the Planck-brane, and keeping the TeV-brane at a finite distance, it is possible to naturally generate neutrino masses and mixings with no erasure of the primordial asymmetry.
When r c → ∞, one recovers the original RS2 limit, in which case the cosmological evolution depends on a new scale M c ≡ √ M P l k, and it is only for temperatures T < ∼ M c that the standard FRW cosmology is recovered. For higher temperatures, the evolution does not have a FRW form and O(ρ 2 ) contributions [34] are important. For M c = 10 12 GeV, one has M 5 = 10
14 GeV and k = 10 6 GeV. On the other hand, M c can be lowered down to 1 TeV level for which M 5 = 10 8 GeV and k ∼ m ν [35] . The form of the Yukawa couplings (22) shows that the Dirac mass of the corresponding neutrino vanishes for infinitely separated branes. Hence the massive left-handed neutrinos as well as their mixings cannot follow from brane-bulk couplings in RS2 scheme. However, the vanishing of the Yukawa couplings as r c → ∞ does not mean that the B − L damping rate (11) vanishes. Indeed, at large r c , many KK modes become kinematically accessible and they enhance the emission rate cumulatively as is the case for gravitons [34, 35] . In fact, using (22) 
at T ∼ M c on the brane. When M c is at the intermediate scale, M c ∼ 10 12 GeV, this quantity is approximately 10 6(2ζ ℓ +1) which implies that, for ζ ℓ ∼ O(1), λ α ℓ < ∼ 10 −15 for the primordial B − L in L α to remain in tact. However, when ζ ℓ → −1/2, the cumulative effect is mild, and it suffices to choose λ α ℓ < ∼ 10 −6 in order to preserve the primordial B − L. Thus, even though bulk fermions are not responsible for generating the masses and mixings of the massive neutrinos, their emission from the brane leads to a wash-out of the primordial asymmetry.
The fact that energy scales much greater than O(TeV) are accessible on the RS2 brane enables one to invoke genuine four-dimensional mechanisms to generate neutrino masses and mixings as well as the lepton asymmetry in a natural way. Indeed, conventional Majorana leptogenesis in which the SM spectrum is augmented by three brane-localized, right-handed neutrinos N α can be used [6] . If the N α have masses at the intermediate scale
10 GeV then B − L is not erased and a finite BAU is generated so long as the emission of right-handed neutrinos from the brane is suppressed. Furthermore we note that in compact hyperbolic extra dimensions where standard FRW evolution continues up to high temperatures, the weak scale KK spectrum is similar to that in RS1, and any primordial B − L will be erased unless the brane-bulk couplings are tuned accordingly [36] .
Conclusion
This letter has been devoted to a discussion of B − L violation induced by the emission of right-handed neutrinos from the brane. The main statement of the analysis is that unless the coupling of a brane-localized lepton to bulk neutrinos is not sufficiently suppressed, presumably with some approximate symmetry, the B − L of the brane lepton is washed out by the emission of right-handed neutrinos. A symmetry principle which can halt the neutrino emission from the brane could come through promotion of the global B − L to a local invariance. However, this symmetry must be broken at an intermediate scale, and therefore, it may not be generically realizable in general brane models.
Among the brane world examples, it is not possible to discuss the preservation of a primordial asymmetry in the large extra dimensions since the temperature cannot be much above the MeV scale. In the RS geometry with matter localized on the TeV-brane, the bulk leptons are responsible for generating the neutrino masses and mixings. If the bulk field wavefunctions generate the neutrino mass hierarchy, then B − L erasure is immediate. However, when the neutrino mass splittings come from the brane-bulk couplings, then the lepton asymmetry in the lightest (or massless) flavor can remain preserved. Instead, if matter is localized on the Planck brane, we have the unique feature of generating both the neutrino masses and the primordial B − L via the usual leptogenesis mechanism. The B − L asymmetry generated this way is not washed out via the emission of the bulk leptons from the brane because the brane-bulk couplings can naturally be made exceedingly small.
